Crystallographic studies on the structure and catalytic activity of pyruvate kinase from skeletal muscle Pyruvate kinase (PK; EC 2.7. I .40) is found in all cells and tissues during glycolysis, and is of particular importance for controlling the flux from fructose-I ,6-bisphosphate through to pyruvate. It catalyses the conversion of phosphoenolpyruvate into pyruvate by the addition of a proton and the loss of a phospho group which is transferred to ADP. The reaction is essentially irreversible in favour of pyruvate and A T P formation, and requires two bivalent and one monovalent cation per active site. One bivalent cation is associated with the nucleotide: the other two cations are enzyme bound:
The enzyme has a low nucleotide specificity and the 5'-diphosphates of guanosine, uridine and cytidine can all serve as phosphate acceptors. In mammals, the enzyme has four distinct forms which are named the M I , M2, L and R types, and in all cases is a tetramer of identical subunits, each subunit containing about 500 amino-acid residues. The MI isoenzyme is found in skeletal muscle and shows predominantly hyperbolic Michaelis-Menten kinetics. The other isoenzymes ( M 2 in kidney, adipose tissue and lung; L in liver and R in red blood cells) are all allosterically regulated and show sigmoidal kinetics with respect to the substrate phosphoenolpyruvate (reviewed by Hall & Cottam, 1978) . The more active ( R ) conformation is favoured by phosphoenolpyruvate, fructose-1,6-bisphosphate and low pH. The less active (T) conformation is favoured by ATP. alkaline pH and gluconeogenic amino acids such as alanine. Complete amino acid sequences are known for all four isoenzymes (Lonberg & Gilbert, 1983; Muirhead ct ul., 1986 ; lnoue et id., Lone et ul.. 1986; Noguchi et ul., 1986) as well as the enzyme from yeast (Burke ct (11.. 1983).
Thc sequences are sufficiently homologous for it to be clear that all forms of the enzyme have essentially the same tertiary structure. although variations in quaternary structure may be possible. Liver PK can be regulated by phosphorylation of a specific serine residue near the N-terminus as well as by allosteric efrectors (Bergstrom ct ul., 1976; Ekman c'/ ell., 1976) . The other types of PK have shorter N-terminal sequences and thus lack this specific serine residue.
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The correlation o f t h e electron density map at a resolution of0.26 nm with the amino acid sequence (Stuart et a/., 1979; Muirhead et ( I / . , 1986) shows that each subunit comprises four domains -an N-terminal domain (residues 1 42), and domains A (43 115, 224-387), B ( 1 16 223) and C (338 530). Thus there is one covalent connection between the N-terminal domain and domain A. two covalent connections between domains A and B and one covalent connection between domains A and C (Fig. I ) . Domain A consists of the highly symmetrical eight-stranded u//l barrel structure found in several other enzymes (Muirhead, 1983) . The active sitc lies in ii pocket between domains A and B and a second nucleotide-binding site lies between domains A and C
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The four domains ( N , A, B and C) arc labelled and ligand access to the active site is indicated. (Stammers & Muirhead. 1975; Stuart ct (11.. 1979) . There are three types of inter-subunit contact in the tetramer: one type involving domains A and C and the other two mainly domain C. The small N-terminal domain forms an integral part of inter-subunit contacts and is in contact with each of the other three subunits. The specific serine in the L-type isoenzyme, which is a substrate for cyclic-AM P-dependent protein kinase, immediately precedes the N-terminus of the muscle isoenzyme. This would place it in such it position that the phosphorylated side-chain could interact with the N-terminus of helix 2-2 in domain C of a neighbouring subunit.
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Two en7yme-bound cations are essential for the catalytic activity of PK. The binding of the bivalent cation Mg'+ is pH dependent with increased binding above pH 7. The binding site is in the pocket between domains A and B at the carboxyl end of the cight /{-strands in the rI'/l barrel of domain A, close to its axis. This site was confirmed by the binding of gadolinium which was used as a heavy atom in the determination of the crystal structure. The thrcc probable enzyme ligands are the carboxyl group of Glu-27 1 and the main chain carbonyl oxygens of Ah-292 and Arg-293 (Fig. 2 1 ) . The positively charged side-chain of Lys-269 is repelled when the cation binds and moves closer to the phosphoenolpyruvate binding site. The movement of the main chain carbonyl groups towards Mg would also allow the side-chain or Arg-293 to move closer to the phosphatebinding site and away from the cation. The distance of the enzyme-bound K ' from the bivalent cation site is 0.49 nm in the phosphoenolpyruvate complex and 0.82 nm i n the absence of phosphoenolpyruvate (Reuben & Kayne. 197 I) . Indirect crystallographic evidence suggests that the binding sitc for the monovalent cation is close to the side-chains of Thr-327, Gln-328. Ser-361 and Glu-363 (Fig. 2h) . These side-chains are all on loops of chain connecting elements of regular secondary structure and are capable of movements of several tenths of a nanometre. Pyruvate kinase is unusual in that interactions of the substrates with the enzyme are mainly through these enzyme-bound cations. Phosphoenolpyruvate binds with its carboxyl group pointing towards the monovalent cation with one oxygen between 0.4 and 0.5 nm from the K + site and its phosphorus atom between 0.2 and 0.3nm from the enzyme-bound Mg. The phospho group is also close to the hydroxyl group of Ser-242 (Fig. 3rr) . As described above, there is a suggestion of conformational changes around Lys-269. These movements would bring the lysine into the correct position to act as the base in catalysis. This position allows protonation of the cnolpyruvate from beneath the double bond at the 2-si face ;IS established by Rose (1970) . The conformation of the enzyme-bound A T P is extended with an average dihedral angle at the glycosidic bond (v = 30 10 deg.) that differs little from that found for such nucleotides when free in solution (Granot 1' 1 id., 1979). This result is consistent with the high mobility of the base and the low nucleotide specificity of the enzyme. MgATP will bind to the crystalline enzymes with its Mg" co-ordinated to the phospho groups. Its main specific interactions with the enzyme are through these negatively charged phospho groups (Fig. 3h) . The /{-and 7-phospho groups are both about 0.3nm from the enzyme-bound Mg. In the crystal structure, there is a salt bridge between the side chains of Asp-1 12 and Arg-72. In the presence of' substrate, the Asp could interact with the Mg associated with ATP leaving the Arg free to interact with the ;,-phospho group. Another positively charged side-chain in the vicinity is Arg-293. The binding site for the adenosine nioicty is essentially ii large hydrophobic hole with no particular specificity for adenine. Thus not only is the structure o f PK quite different from other kinases, but the mode of binding of the nucleotide i s also different from that observed in other kinases and in the dehydrogenases (Ohlsson e/ a/., 1974 : Rossmann ('I d., 1974 Watson ct a/., 1982). However, there are suggestions of significant main-chain movements in domain B and sidechain movement in domain A. It is possible that in the allosterically regulated isoenzymes, minor differences in subunit interactions lead to slightly modified activesite structure. In particular, the residues involved in the potassium-binding site are very close to a n inter-subunit boundary and any change in packing would affect the potassium-binding site and hence the binding of phosphoenolpyruvate.
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A comparison of the amino acid sequences for the different isoenzymes shows different degrees of homology. The residues close to the active site comprise the two strands connecting domain A to domain B and various loops connecting the C-termini of /&strands of domain A to the N-termini of adjacent r-helices. These residues show a remarkable degree of conservation. There is a significant difference in the degree of conservation of the residues involved in the two main types of inter-subunit contact. The inter-subunit contact which involves helices 57-6, r-7 and a-8 of domain A and helix cc-l of domain C is more highly conserved than the inter-subunit contact which involves helices r -l and r-2 and strand /I-2 and strand /j-4 of domain C. The N-terminus is closely involved in the first, more highly conserved inter-subunit contact although it also plays a role in the second contact. Another relatively wellconserved region of the subunit involves a n area on the surface of domain B a t the entrance to the active site. By contrast the residues involved in the second nucleotide binding site between domains A and C show considerable variability. The demonstration that under certain conditions fructose bisphosphate can act as a n activator for the rabbit muscle enzyme (Phillips & Ainsworth, 1977) suggests that this could be a n allosteric-activator-binding site in the muscle enzyme. Model building experiments show that in the crystalline MI structure it is possible to fit fructose bisphosphate into this binding pocket with no main-chain movement, but some rearrangement of side-chains. In the M 1 isoenzyme, this pocket contains four Arg residues and electrostatic repulsion would help to keep the pocket open and form a natural binding site for the negatively charged effector. A closing of the pocket would affect the intersubunit contacts. The pocket is open to the crystal structure (R-state) and could be closed in the low activity form of the enzyme (T-state).
Several lines of evidence suggest that part of domain C is essential for conferring allosteric properties on the PK tetramer. This domain, together with the N-terminal domain, is involved in all the inter-subunit contacts. The chicken M 1 gene is interrupted by a t least ten introns including nine within the coding region (Lonberg & Gilbert, 1985) . Noguchi et ul. (1986) have shown that the amino acid sequences of the M 1 and M2 isoenzymes of rat P K are very similar and that all the differences occur in one exon coding the 45 amino acid residues comprising helices r-1 and 2-2 and strand p-1 of domain C. These differences between M 1 and M 2 are similar to those which occur between the M I and L isoenzymes. Model building suggests that the intersubunit contacts in M 2 and L are slightly weaker than the corresponding contact in M I , thus affecting the equilibrium between the T-and R-states. This region is a long way from the active site, but a change in packing here could lead to changes in quaternary structure which would affect the other major inter-subunit contact and hence the precise geometry of the active site. The extension at the N-terminus in L-type PK could interact with both contact regions. A lpossible conclusion is that the crystal structure of the M I isoenzyme represents the fully active form. Amino acid changes in either the N-terminal domain or in ;I section of domain C weaken subunit interactions in the allosteric forms and slight rearrangements in packing to give the T-state will weaken phosphoenolpyruvate binding via the potassium-binding site. These changes in packing are influenced by residues in the pocket between domains A and C as well as those discussed above. It is intended to use site-directed mutagenesis to study the role played in allosteric regulation by specific residues in the inter-subunit contacts and binding pockets.
The X-ray work at Bristol has been generously supported by the S.E.R.C. Glycogen is one of the major energy sources which sustains ATP levels during muscle contraction. Consequently, mechanisms must exist for coupling these processes so that energy production is linked to the energy requirements of the tissue. The key factor that synchronizes glycogenolysis with contraction. is the intracellular concentration of calcium ions.
When the nerves to a muscle are stimulated electrically, calcium ions are released from the sarcoplasmic reticulum into the muscle sarcoplasm. On the one hand, they bind to troponin C on the thin filaments. triggering a series of allosteric transitions which lead to activation of actomyosin ATPase and contraction. On the other, they bind to phosphorylase kinase (Brostrom c/ a/., 1971) allowing it to catalyse the conversion of glycogen phosphorylase to the active phosphorylated a form. There appear to be two methods by which calcium ions activate phosphorylase kinase. The purified enzyme has the structure (ayph),. where the &subunit is the Ca'+ -binding protein calmodulin (Cohen c't a/., 1978) . The interaction of Ca'+ with calmodulin triggers a change in the conformation of the catalytic y-subunit converting it from a n inactive to an active state. However, phosphorylase kinase is also stimulated by troponin C, which can enhance activity a further 2&30-fold a t micromolar concentrations of Ca2+ (Cohen. 1980~) . Unlike the &subunit, which is tightly bound to the 7-subunit, troponin C interacts with the /]-subunit and only in the presence of Ca'+ (Cohen, 1981) . Scveral lines of evidence suggest that activation by troponin C is likely to be physiologically significant. For example, the troponin complex or artificial thin filaments made by mixing actin, tropomyosin and the troponin complex in physiological proportions are just as good activators as isolated troponin C, the A,,, for troponin C (1 2pM) is 50--100-fold lower than its average intracellular concentration, skeletal muscle troponin C cannot be substituted by the closely related cardiac muscle protein, and the glycogen-protein particles (to which phosphorylase kinase and phosphorylase are attached in vivo) are localized at the level of the thin filaments, as judged by histochemical techniques (reviewed in Cohen, 1980a Cohen, , 1981 .
I t is well established that the steady-state level of phosphorylase (1 increases, and that the time taken to reach the Vol. 15 steady state decreases, with increasing frequency of electrical stimulation of the muscle. Following tetanic stimulation of frog or mouse skeletal muscle, the level of phosphorylase a can reach 70% within a second or two (reviewed in Cohen, 1983~) . Thus the rate of glycogenolysis is linked to the strength and duration of contraction. It seems likely that activation of phosphorylase kinase by both calmodulin and troponin C enables phosphorylase kinase to respond to a greater range of electrical stimulation of the tissue allowing more sophisticated co-ordination of the processes of contraction and glycogenolysis. There is currently n o evidence that the activity of protein phosphatase-I, the major phosphorylase phosphatase activity in skeletal muscle, decreases during muscle contraction.
Calcium ions not only activate glycogenolysis, but may also inhibit the synthesis of glycogen. Glycogen synthase, the rote-limiting eniymc in glycogen synthesis, can be phosphorylated by two Ca2+ -dependent protein kinases that decrease its activity in vitro. One of these is phosphorylase kinase, while the othcr is an enLyme that does not act on glycogen phosphorylase. Both protein kinases phosphorylate the same serine located seven residues from the N-terminus of glycogen synthase (reviewed in Cohen, 19836) . However, it has not yet been demonstrated that Ser-7 becomes phosphorylated in vivo during muscle contraction.
Glycogen can be mobilized in resting muscle in response to adrenaline. and this represents a mechanism for anticipating increased energy demands during periods of stress. Adrenaline also stimulated glycogenolysis by promoting the formation of phosphorylase a. However, in contrast to electrical excitation, hormonal stimulation involves a n inhibition of protein phosphatase-l a s well as an activation of phosphorylase kinase. The interaction of adrenaline with its P-receptor on the plasma membrane increases the intracellular level of cyclic AMP, thereby activating cyclic-AMP-dependent protein kinase. This protein kinase then stimulates glycogenolysis by phosphorylating phosphorylase kinase, inhibitor-1 and the glycogen-binding ((3)-subunit of protein phosphatase-1.
Phosphorylation of phosphorylase kinase by cyclic-AMP-dependent protein kinase occurs at one major site on the a-subunit and one in the P-subunit in vitro and both sites become phosphorylated in vivo in response to adrenaline (reviewed in Cohen, 19836) . Phosphorylation of the P-subunit is largely responsible for activation (Cohen. I980h), although phosphorylation of the cr-subunit also appears to have a
